The effect of insulin on the endocrine pancreas has been the subject of extensive study, but quantitative morphometric investigations of the exocrine pancreas are scarce. This study was therefore undertaken to investigate the effect of acute and chronic insulin administration (two doses, 0.4 IU and 4 IU) (Folia Morphol 2018; 77, 3: 478-484) 
INTRODUCTION
Pancreas complexity is reflected by both histological organisation and function. While the exocrine portion comprises more than 95% of the pancreas, the endocrine portion represents a diffuse organ composed of islets of Langerhans dispersed between exocrine pancreatic acini. Both parts are equally active in digestion and metabolism through secretion of digestive enzymes from the exocrine portion and hormones from the endocrine portion. A close morphological relationship allows functional interactions, but the mechanisms of active crosstalk between the exocrine and endocrine pancreas are not entirely resolved. It is known that the relationship between the endocrine and exocrine pancreas is mediated by islet-derived hormones and neurotransmitters [5, 23] . Among islet-derived hormones, insulin most likely has a leading role.
Insulin has diverse biological effects, although it is best known for its regulatory role in glucose and lipid metabolism, protein synthesis and cell growth, division and survival [27] . The conclusions drawn from the experiments on laboratory animals have revealed that insulin has trophic and secretory effects on the exocrine pancreas. Early anatomic studies indicate the presence of a portal system that conveys islet blood to acinar cells [3, 5, 37] . Digestive enzymes are stored in the zymogen granule of acinar cells, and their release occurs through exocytosis stimulated by neurohumoural agents, including exogenous and endogenous insulin [23] .
In addition, a number of studies have indicated the existence of direct (via acinar insulin receptors) and indirect (influence on cholecystokinin mechanisms) effects of insulin on acinar cells. The pancreatic acinar cells have specific high-affinity receptors for insulin that are involved in regulation of digestive enzyme synthesis and the number of cholecystokinin receptors. Additionally, exogenous insulin is believed to act as a trophic factor to maintaining the amylase level in acini [4, 21, 38] . As a consequence of the close anatomical and functional links between the exocrine and endocrine pancreas, any disturbance affecting one of these parts will inevitably affect the other. The development of severe diseases of the exocrine pancreas is associated with structural abnormalities of the islets, which contribute to functional changes that may extend to impaired hormone-secretory capacity [4, 14, 25, 28] .
Insulin resistance is defined as a condition of reduced metabolic response of a target cell or a whole organism to the normal insulin concentration. Insulin resistance and its metabolic consequences including compensatory hyperinsulinaemia represent a link to cluster of metabolic abnormalities termed the metabolic syndrome or syndrome X (hypertension, type 2 diabetes, dyslipidaemia, coronary artery disease, obesity, abnormal glucose tolerance) [2, 10, 11, 29, 30, 36] .
Numerous studies have investigated the influence of insulin on the physiological processes, secretion and receptor distribution in tissues [14, 20, 39] . However, insulin effect on exocrine pancreas tissue architecture still remains unknown.
During the past 20 years, the fractal concept has improved our understanding of many appearances in biological systems. Fractal analysis is a well-established method for the quantification of geometrical complexity in biological and biophysical systems [15, 22, 35] . It is widely applied to investigate the metabolic rate, population genetics, tissue organisation and tumour growth.
Recent studies have shown that computerised analysis of microscopic images is an objective and reproducible method for diagnostic and prognostic purposes [1, 6, 12, 13] . Fractal analysis allows for the detection of subtle morphologic changes. The fractal dimension is able to transduce shape complexity in analytical quantitative data, harmonising the gap between structural features and functional quantitative measures. Fractal dimension is a measure of geometrical complexity of the tissue, while lacunarity is a measure of tissue homogeneity [24, 31] .
The present study was designed to provide a detailed description of insulin effects on the exocrine pancreas morphology using stereology and fractal analysis.
MATERIALS AND METHODS

Animals and experimental design
All procedures performed in this experiment were approved by the Ethics Committee for the Treatment of Experimental Animals (Faculty of Biology, University of Belgrade, Serbia). Two-month-old Wistar male rats (190-260 g) were maintained under 22 ± 1°C and 12 h light/dark cycles with ad libitum access to standard pelleted food and water. They were divided into six groups each consisting of six animals. The first four groups were treated acutely (1 day) or chronically (3 days) with low (0.4 IU/kg) or high (4 IU/kg, one intraperitoneal injection per day) doses of insulin (Mixtard ® 30, Novo Nordisk, Bagsvaerd, Denmark). The last two groups served as control and received 0.9% saline intraperitoneal injection for 1 or 3 days (1 mL/kg). All rats at the end of experiment were healthy and no difference in food/ water consumption and body weight gain between experimental and control rats were observed. Three hours after the last injection, the animals were sacrificed using a decapitator (Harvard Apparatus, Holliston, MA, USA). The pancreas was carefully removed and divided into two portions. One portion of the pancreas was fixed in 4% paraformaldehyde for 24 h, rinsed overnight in tap water, dehydrated in ethanol, cleared in xylene and embedded in paraffin. The other portion of the pancreas was fixed in 2.5% glutaraldehyde (v/v) in 0.1 M Sørensen phosphate buffer (PB, pH 7.2). This portion was postfixed in 2% osmium tetroxide in the same buffer, routinely dehydrated using increasing concentrations of ethanol and embedded in Araldite (Fluka, Seeize, Germany).
Stereological analyses of pancreatic acinar cells
Semi-thin sections (2 µm) were mounted on glass slides and stained with methylene blue and basic fuchsine. Stereological analyses of acinar cells were performed by point counting method, using Weibel's multi-purpose stereological grid M42. The volume of cytoplasm, nucleus and zymogen granules were analysed in 10 randomly chosen histological fields selected for each animal under a 100× oil-immersion objective. A standard stereological equation V v = Pf/Pt was used to calculate volume of cytoplasm, nucleus and granules in pancreatic acinar cells -the number of points (Pf) that coincided with the granules, nuclei or cytoplasm of the acinar cells, respectively, was divided by the total points falling on acinar cells (Pt) of a Weibel's multi-purpose test system [7, 32, 34] . All these analyses were performed on a Leica DMLB microscope (Leica Microsystems, Wetzlar, Germany).
Fractal analyses
Serial 5 µm thick paraffin sections were mounted on glass slides and stained with haematoxylin and eosin. Sections were examined on a Leica DMLB microscope equipped with the digital camera Leica DFC295 (Leica Microsystems). From each stained section, photomicrographs of 10 random fields per exocrine pancreas were created. Acquired micrographs were in 24-bit tiff format, with image resolution of 2048 × 1536 pixels. Fractal analysis was performed using Image J software (NIH, Bethesda MD, USA) and its plugin FracLac. Fractal dimension and lacunarity calculations were performed on binarised and outlined images in Image J using the box counting method, as previously described [24] . The mean values were normalised with respect to appropriate control.
Statistical analysis
All data obtained were analysed by the software GraphPad Prism (GraphPad Software, San Diego, CA, USA). Normal distribution was tested by D'Agustino and Pearson's tests. If normality criteria were met, oneway ANOVA with post hoc Tukey's multiple comparison test was run; otherwise Kruskal-Wallis non-parametric test was run. The results are expressed as the mean ± standard error of the mean (SEM) of obtained values with significances set at p < 0.05.
RESULTS
In the insulin-treated rats, the histology of the exocrine pancreas was slightly changed comparing to control rats. In acute insulin-treated groups with an increase in insulin concentration, it is noted that the nuclei are larger, the granules are larger and are merge toward the lumen of the acinus secretory canals, and there is an increase in the space between the acinus itself, while the opposite effect occurs in chronically insulin-treated groups.
The mean fractal dimension of exocrine pancreas was significantly increased in both 0.4 IU (1.008 ± ± 0.001) and 4 IU (1.001 ± 0.001) acute insulintreated groups (Fig. 1A) compared to the control. In Figure 1B were presented the mean values of lacunarity for the 4 IU acute insulin-treated group (0.897 ± 0.007) were significantly decreased compared to the control and 0.4 IU acute insulin-treated group (0.963 ± 0.011). Therefore, it reflects a higher structural complexity (measured with fractal dimension) and lower structural heterogeneity (measured with lacunarity) of exocrine pancreas tissue.
On the other hand, the mean fractal dimension in chronic insulin-treated groups was decreased at 0.4 IU (0.997 ± 0.001) compared to the corresponding control and was decreased compared to 4 IU (1.001 ± ± 0.001) (Fig. 1A) . Chronic insulin treatment significantly increased the mean lacunarity in 0.4 IU (1.045 ± 0.009) compared to the control and was increased compared to 4 IU (0.981 ± 0.009) (Fig. 1B) . The structural complexity of 0.4 IU chronic insulin-treated group is lower compared to control, while 4 IU chronic insulin-treated group showed higher values compared to 0.4 IU group. In contrast, the structural heterogeneity of 0.4 IU chronic insulin-treated group is higher compared to control and 4 IU chronic insulin-treated group.
An increase in cytoplasm volume density of acinar cells in the acute 0.4 IU insulin-treated group (1.208 ± ± 0.045) compared to the corresponding control and no significant difference compared to acute 4 IU insulintreated group (1.078 ± 0.037) ( Fig. 2A, 3 ). There was no significant difference between chronic insulin-treated groups ( Fig. 2A) . These results showed the low dose of insulin in acute insulin-treated groups significantly increased cytoplasmic volume density in acinar cells.
Changes in the granule volume density of acinar cells are presented in Figures 2B and 3 . Analysing granules of acinar cells in acute insulin-treated groups, the 0.4 IU insulin-treated group showed a significant decrease of granules density (0.493 ± 0.043) compared to the control. By contrast, the 4 IU insulin-treated group (1.065 ± 0.055) showed an increase of granules density compared to the 0.4 IU group (Fig. 2B) . The mean volume density of granules in chronic insulin-treated groups was decreased in the 4 IU insulin-treated group (0.815 ± 0.028) compared to the corresponding control (Fig. 2B) .
Nuclear volume density was not affected by insulin treatments (Fig. 2C) .
DISCUSSION
Insulin, depending on dosage and treatment duration exerts different effects on the exocrine pancreas tissue architecture. We observed that different doses of insulin significantly change volume density of granules in the acinar cells. Therefore, we analysed effects of insulin (stimulation and inhibition) on enzyme synthesis and secretion, which reflects on the volume density of zymogen granules. Changes in volume density of zymogen granules are followed with changes in acinar cell structure, as well as in exocrine pancreas tissue.
It is well documented that insulin directly (via acinar insulin receptors) and indirectly (via cholecystokinin mechanism) regulates enzyme synthesis and secretion of the exocrine pancreas [5, 9, 37] . Morphological and haemodynamic studies indicate that insulin is necessary for normal acinar cell function. Insulin is a major regulator of pancreatic exocrine secretion and growth; many studies of insulin deficiency (diabetes mellitus) have shown exocrine tissue fibrosis and reduced response to hormonal stimulation. Taken together, these results clearly indicate that both exogenous and endogenous insulin can stimulate the acinar cells secretory process, which indicates an increase in granules and cytoplasm volume density and changes on morphological grounds [4, 25, 32, 33, 38] .
Fractal analyses rely on the morphological complexity and the intrinsic self-similarity that most natural shapes occurring in nature possess. Heterogeneity of the acinar cells plays an important role in any morphology change that can be detected with fractal analyses. All these changes may increase the level of detail during fractal analyses. The morphology change of exocrine pancreas tissue can be characterised with a fractal dimension that measures changing patterns with amplification and, therefore, can explain image complexity. Fractal dimension values range from 1 to 2, with higher values representing greater complexity. Lacunarity measures image homogeneity from 0 to 1, with a low value indicating homogeneity, while a high value indicates heterogeneity [19, 24] . Acute insulin treatment, independent of applied doses significantly increased fractal dimension of pancreas acini followed by decreased lacunarity. Chronic low dose decreased fractal dimension and increased lacunarity of pancreas acini, while high dose had the opposite effect. Therefore, parameters of fractal analysis provide reliable information about insulin effects on the morphological changes in the exocrine pancreas. These results are in line with reports of increasing enzyme synthesis in acinar cells after insulin treatment [1, 5, 25] . The complexity of the experimental system prevents an exact representation of the effects of insulin on pancreatic exocrine secretion. Previously published data indicates that insulin has long term effects on the regulation of the biosynthesis of pancreatic digestive enzymes and short term effects on the stimulation of pancreatic secretion [4, 7] . The effect of exogenously administered insulin is expected to be followed by an increased rate of enzyme synthesis in the endoplasmic reticulum in pancreas acinar cells, which may have increased the volume density of cytoplasm as well as the volume density of granules. The stereological analyses performed in this study showed that acute low and chronic high dose of insulin significantly decreased granules and increased cytoplasmic volume density, whereas nucleus volume density showed slight and no significant changes. Our results greatly deviate from the expected and perhaps shed new light on the confrontation between endogenously synthesised and exogenously administered insulin. Exocrine acini were reported as enlarged with more zymogen granules near insulin-containing islets compared to insulin-negative islets. The impact of insulin via the portal system that conveys islet blood to acinar cells on the exocrine portion of pancreas is structurally and functionally well-orchestrated [5, 9, 26] . In vivo and in vitro studies suggest that isolated rat and mouse acini have insulin receptors, and after binding to its receptors, insulin regulates a number of functions including: sugar transport, protein synthesis, and the number of cholecystokinin receptors. These studies emphasize that the insulin-pancreatic acinar axis plays a major role in pancreatic function [8, 17, 28] .
Many recent studies concluded that fractal dimension can be implemented as prognostic factor for many carcinomas and successfully applied when analysing response to chemotherapy [13] . Fractal and stereological analysis helps us to gain a better understanding of the morphological changes in the exocrine pancreas. There are explanations for observed changes in structure of exocrine pancreas. From all measured parameters, volume density of granules was in line with fractal dimension. However, fractal dimension was not in line with lacunarity. It is possible that exogenously administered insulin changes enzyme synthesis in acinar cells, which reflects on increased volume density of zymogen granules. Increased or decreased volume density of zymogen granules and cytoplasm are followed by changes in acinar cell structure and in exocrine pancreas tissue. These results are in accordance with previously published data where it was found that in vivo insulin administration has a stimulating effect on amylase synthesis [3] . The exogenously administered insulin has the opposite effect on pancreatic fluid and bicarbonate secretion [16] . It is possible that insulin indirectly altered the shape and size of acinar lumens in which pancreatic enzymes are secreted. All these changes may increase the level of detail during binarisation and outline of the digital images; therefore, the values of fractal dimension and lacunarity. Any change in acinus shape could have a significant impact on the complexity of the exocrine pancreas tissue [18] .
CONCLUSIONS
Our study revealed that insulin treatment induced structural changes in exocrine pancreas, suggesting a substantial role of insulin in maintaining its function. Additionally, we showed that fine architectural changes in acini could be detected by fractal analysis, and this method could be very useful as an alternative or an addition to routine stereology. Further analyses of zymogen granules and acini ultrastructure will shed more light on the insulin influence on exocrine pancreas remodelling. 
